Central nervous system (CNS) disorders (e.g., multiple sclerosis, Alzheimer's disease, etc.) represent a growing public health issue, primarily due to the increased life expectancy and the aging population. The treatment of such disorders is notably elaborate and requires the delivery of therapeutics to the brain in appropriate amounts to elicit a pharmacological response. However, despite the major advances both in neuroscience and drug delivery research, the administration of drugs to the CNS still remains elusive. It is commonly accepted that effectiveness-related issues arise due to the inability of parenterally administered macromolecules to cross the Blood-Brain Barrier (BBB) in order to access the CNS, thus impeding their successful delivery to brain tissues. As a result, the direct Nose-to-Brain delivery has emerged as a powerful strategy to circumvent the BBB and deliver drugs to the brain. The present review article attempts to highlight the different experimental and computational approaches pursued so far to attain and enhance the direct delivery of therapeutic agents to the brain and shed some light on the underlying mechanisms involved in the pathogenesis and treatment of neurological disorders.
Introduction
Neurological diseases, such as Parkinson's or Alzheimer's disease, multiple sclerosis, meningitis, etc., may exhibit distinct pathological and clinical manifestations among patients, but in general encompass a broad spectrum of pathological conditions, which result to alterations in neural function and progressive loss of neural tissue [1, 2] . Despite the major advances in both drug delivery research and the understanding of the pathogenesis of neurological diseases, effective treatment options are still missing, presumably due to the complexity of the CNS and the putative multifactorial pathogenic mechanisms. As a result, the currently available therapeutic agents have been generally proven ineffective and mainly aim to attenuate neurodegeneration and moderate the disease progression, but have been unable to reverse it and completely restore normal neural function [1, 3, 4] .
Delivery of drugs to the brain in sufficient quantitites to achieve therapeutic levels is required for the treatment of CNS diseases [5, 6] . On the other hand, there are several barriers restricting the delivery of therapeutics to the brain, such as the BBB and the Blood-Cerebrospinal Fluid Barrier (BCSFB) [7, 8] . The BBB is located at the cerebral microvasculature level and is critical for maintaining the CNS homeostasis, by allowing the efficient nutrient exchange between the blood and the brain tissue, while precluding the entry of xenobiotics that could impair neurological functions. In fact, it prevents both the paracellular and transcellular transport of hydrophilic, ionized and high molecular weight molecules in the circulating blood due to the complex network of tight junctions (TJs) between adjacent cells and the non-fenestrated capillaries, as well as the diminished pinocytotic activity [6, [8] [9] [10] .
As several higher molecular weight compounds turn out to provide rather promising results on the treatment of CNS disorders, alternative routes for brain administration are constantly explored, which aim to bypass [11] or transiently compromise the integrity of the BBB. The nasal cavity has been employed not only as a portal for the local, but also for the systemic delivery of certain therapeutic agents (e.g., peptides, proteins, stem cells, etc.), due to its large surface area and high degree of vascularization [5, 12, 13] . Compared to conventional drug delivery approaches, which fall short in overcoming the BBB, intranasal delivery can provide an unprecedented opportunity to administer drugs to the CNS in a targeted and noninvasive manner compared to intracerebroventricular or intraparenchymal injections. This can be achieved by granting direct access to the brain via the olfactory and trigeminal nerve pathways, circumventing this way the BBB and the presystemic gastrointestinal and hepatic elimination [9, [13] [14] [15] . This drug administration pathway is also associated with enhanced safety, increased patient compliance, ease of administration, rapid onset of action, as well as with minimized systemic exposure [9, [12] [13] [14] .
However, despite its numerous advantages, the direct nose-to-brain delivery of therapeutic entities is severely hampered by insufficient bioavailabilities, cytochrome P450-mediated degradation, short retention times, restrictions imposed by the geometry of the nasal cavity (e.g., small volume, limited surface area of the olfactory region, etc.), as well as lack of targeting specificity to the affected area of the brain [7, 9, 13] . Therefore, the direct Nose-to-Brain delivery has mostly been restricted to the administration of extremely potent molecules [16, 17] .
Despite the previously mentioned limitations, some promising results have been generated in clinical trials [18] [19] [20] and research efforts are still ongoing to render this route an integral part of a viable treatment option. The present review article aims to unravel the transport mechanisms involved in the nasal delivery of therapeutics to the brain, document the existing limitations hindering the direct Nose-to-Brain delivery of medications via the olfactory mucosa as well as the current approaches to enhance drug transport, and summarize the latest advances in carrier development for Nose-to-Brain delivery. Finally, an overview on the various computational methods to investigate the delivery of therapeutic molecules to the brain via the olfactory region is provided, in order to aid towards better understanding this mode of delivery and improve the efficiency of Nose-to-Brain delivery.
Configurational parameters pertinent to intranasal administration
The main morphological and structural properties of the nasal cavity are discussed below in order to gain an insight into its elaborate geometry and distinct characteristics related to the Nose-to-Brain delivery of drugs. Thorough understanding of these crucial configurational aspects is essential for the identification of the exact mechanism governing the administration of medications across this pathway, which would in turn take the formulation development to a whole new level by achieving increased therapeutic efficacies and enable the development of successful clinical formulation candidates.
The nasal cavity
Alongside with the oral cavity, the nasal cavity comprises an external opening for the respiratory system, providing a portal for the entry of air before its subsequent flow to the lower airways. The nasal cavity plays a pivotal role in essential physiological functions, such as humidity and temperature regulation of the inhaled air, particulate and dust filtration and olfaction processes [6, 16, 21] . From a structural perspective, the nasal septum divides the nose longitudinally into two identical halves [9] , each of which is comprised by three different regions, namely the vestibule (with a surface area of ∼0.6 cm 2 ) [22] , the olfactory (with a reported surface area of 2-12.5 cm 2 [9, [22] [23] [24] ), and the respiratory regions. The intricately structured nasal cavity extends approximately 12-14 cm in length [9, 21, 25] and 5 cm in height [21] , while its total surface area and total volume are reported to range between 150 and 200 cm 2 [6, 9, 24, 26] and 13-25 ml [9, 16, 25, 26] respectively. The large surface of the nasal cavity is mainly attributed to three bony structures, namely the superior, the middle and the inferior nasal conchae (or turbinates), which are lined by the highly vascular nasal mucosa and project from the lateral wall of each nasal compartment, playing a major role in the warming, filtering and humidification of the inhaled air [9, 24] . During the inhalation process, the air enters through the nostrils into the nasal vestibule and is then directed through the flexible nasal valve (the narrowest aperture of the respiratory tract [23] , into the main nasal chamber [21, 24] . Cumulative evidence has suggested that only 15-20% of the inhaled air reaches the olfactory region, due to the anatomic configuration of the nasal cavity [23] .
As already stated earlier, providing a more detailed overview of the geometrical characteristics and the functions of the nose is not within the scope of this work, which mainly places emphasis on the parameters that are implicated in the intranasal transport of drugs to the brain. Comprehensive review articles on the nasal architecture and precise geometry have been already published [24, 27, 28] .
The respiratory epithelium
A ciliated pseudostratified columnar epithelium, called respiratory epithelium or Schneiderian membrane, lines the respiratory region, which occupies the greatest part of the nasal cavity (∼80-90% of the total surface area [9, 16, 22] . The respiratory epithelium (Fig. 1a) is the major site for systemic drug absorption, primarily due to its large microvilli-covered surface area and its high degree of vascularisation [16, 23, 29] . In fact, it receives its blood supply from an arterial branch of the maxillary artery [29] .
From a cellular composition perspective, the respiratory epithelium is comprised by four morphologically distinct cell types, namely the ciliated and non-ciliated columnar cells, the basal cells and the goblet cells, whose main functions lie in the coordinated sweeping motion of the cilia, the water and ion exchange between cells, the process of mucus secretion and clearance as well as the regulation of the humidity of the mucosa [6, 22] .
The respiratory epithelium is covered by a double-layered mucus gel, consisted of the low viscocity pericilliary layer, which extends 3-5 μm in thickness and surrounds the motile cilia (2-4 μm in length) and the overlying viscous gel layer, which extends 2-4 μm in thickness [23, 30, 31] . The respiratory mucus is a viscoelastic gel, composed of a network of high molecular weight glycoproteins called mucins, water, salts, other proteins and a small fraction of lipids, and serves as a protective barrier due to its viscoelastic and adhesive properties and represents the first line of defense against inhaled particulates and irritants [32] [33] [34] . The thickness of the low viscocity serous fluid layer is determined so that the sweeping motion of cilia occurs within the low viscosity fluid, with only the cilia tips brought into contact with the viscoelastic mucus gel layer [31] . This particular ability of the cilia to perform a coordinated sweeping movement with a frequency of approximately 1000 S/min [23] , translates into mucus shedding by vectorial propulsion towards the pharynx, which, along with the continuous mucus secretion process, results to mucociliary clearance, that exerts its protective effect by entrapping and removing inhaled particulates, irritants and microbes, which are transported posteriorly with an approximate rate of 1-30 mm/min [24] until they get inactivated by acid-and enzyme-mediated lysis in the stomach [6, 16, 23, 31] . This can lead to the rough estimation that the respiratory mucus layer is renewed every 10-20 min [25, 35] .
The olfactory epithelium
The olfactory system has attracted significant scientific interest among the components of the nasal cavity, due not only to the ability of its neurons to detect odorants and provide the sense of smell, but also for its ubiquitous ability to provide a portal for direct delivery of medications to the brain.
From a structural perspective, the olfactory mucosa (Fig. 1b) consists of a ciliated chemosensory pseudostratified columnar epithelium and is situated on the superior turbinate and bilaterally on the nasal septum, while it is completely surrounded by respiratory epithelium. The olfactory mucosa also involves the lamina propria, which is located beneath the epithelial basement membrane and apart from a dense capillary network, contains lymphatic vessels, olfactory axon bundles, autonomic nerve fibers, the maxillary branch of the trigeminal nerve and the mucus-secreting Bowman's glands, which account for the secretion of the overlying mucus gel layer [22, 26] .
In contrast to the respiratory epithelium, the olfactory mucosa receives its blood supply from ophthalmic artery branches [29] , and the cilia of the olfactory epithelium are longer (i.e., over 50 μm [22] and non-motile. However, despite the lack of motion, mucus clearance is still feasible, presumably due to continuous mucus secretion and shedding due to gravitational and mechanical forces as well as due to a solvent drag effect, although the overlying mucus gel exhibits a very slow turnover, in the order of several days [6, 7, 24] . Defense mechanisms also include the secretion of xenobiotic-metabolizing enzymes and antibodies of the immune system [36] . The importance of the mucus defensive mechanisms is obvious in disease state, where olfactory acuity is considerably decreased as the clearance is notably obstructed due to the increased mucus viscosity [36] .
Although there exist significant variations in the reported values, the olfactory region in humans occupies 2-12.5 cm 2 , which represents a minor fraction of the total surface area of the nasal cavity (approximately 1.25-10%) [9, [22] [23] [24] , while it is around 60 μm thick [22] . It should be noted that the exact morphology and structure (e.g., olfactory surface area, cellular composition) of the olfactory system and related structures may vary significantly among species (see Table 1 ), which reflects the major differences in the sensing ability and olfaction between human subjects and other species [16, 24, 36] .
Several distinct cell types can be identified in the olfactory epithelium, while the overlying mucus gel is secreted by the Bowman's glands, situated throughout the epithelium [36] . The mucus gel layer varies in thickness between the different species (Table 1) , and performs its function by cleaning the sensory structures and solubilizing odoriferous substances, while it is also capable of entrapping foreign entitites [22] .
Sustentacular cells represent the most abundant cell type of the olfactory epithelium. They are columnar cells that posses microvilli and provide metabolic and mechanical support to the olfactory epithelial cells [9, 22] , while also regulating the ionic environment of the overlying mucus gel. They exhibit high enzymatic activity imparted by cytochrome P-450, etc., thus catabolizing inhaled xenobiotics [24] . The basal cells are small, conically-shaped cells [26] , located in the basement membrane. Apart from providing mechanical support to other cells [6] , their multipotent nature renders them capable of differentiating into other cell types (e.g., sustentacular cells, cells of the Bowman's glands, and olfactory sensory neurons (OSNs) in particular), thus continuously replacing deceased cells [9] . The microvilli-possessing brush cells also reside in the olfactory epithelium, constituting the terminal branches of the trigeminal nerve. Their primary function lies in the sensation of sensory stimulation of the mucosa [22] . Microvillus cells are also present in the olfactory epithelium, although their exact role remains unknown [9] . However, the OSNs represent the most important cell type of the olfactory epithelium. They comprise a bipolar cell type, interspersed among the sustentacular cells [26] , which is responsible for the odorant reception and the transduction of chemical stimuli into neural signals, which is the basis of the process of olfaction. OSNs possess dendrites at their apical surface that extend into an enlarged knob protrusion with several non-motile cilia, which project into the overlying externally exposed mucus gel [9, 36] . At its basal surface, OSNs bring about unmyelinated axons that transmit olfactory signals and bundle together to form thick axon bundles, which are enclosed by the olfactory ensheathing cells and olfactory nerve fibroblasts and may enter the cribriform plate of the ethmoid bone through its foramina. The ensheathed unmyelinated axon bundles comprise the olfactory nerve, which extends up to the dendrites in the glomeruli of the olfactory bulb, which is in turn inhabited by the tufted and mitral cells, and penetrate further into the brain [9, 16, 22] . Fig. 1 . Two distinct types of pseudostratidfied epithelia located in the nasal cavity: (a) the respiratory epithelium, which lines the upper airways and is mainly comprised by goblet, basal and ciliated cells and (b) the olfactory epithelium located on the roof of the nasal cavity, which mainly containins the ciliated receptor neurons, the basal and the sustenacular cells.
Pathways & mechanisms for nose-to-brain delivery
Although the direct transport of several therapeutic entities to the brain through the nasal cavity has been the topic of numerous research studies, only a small fraction of the initial medication dose can in fact reach the brain, which in turn suggests that the exact pathways and underlying mechanisms still remain elusive. A brief overview of the mechanisms/pathways governing the intranasal delivery of therapeutics to the CNS is, therefore, provided below, along with strategies that could be applied to circumvent current limitations and increase the drug concentration in the brain at levels capable of eliciting a pharmacological response. Identification of the exact mechanisms governing intranasal drug delivery to the brain would enable the development of optimized galenic formulations and revolutionize the therapy of CNS diseases.
Although still speculative, the precise mechanisms involved in the Nose-to-Brain delivery of drugs have been well-documented and several direct and indirect transport pathways have been proposed, according to which, the Nose-to-Brain transport occurs mainly via the (i) systemic, (ii) olfactory and (iii) trigeminal nerve pathways [5, 17, 23, 41] .
The common feature between these distinct pathways is that they all presuppose the intranasal delivery of medications and the (partial) avoidance of elimination due to enzymatic degradation or the physical clearance mechanisms [5] . However, they differ entirely regarding the drug absorption site and the amount of time required for absorption to occur. The dominance of a certain pathway over the others is principally dictated by the physicochemical properties of the drug (or the formulation) and the application method [29] . The several transport pathways are illustrated in Fig. 2 and are separately discussed below.
The systemic pathway
The systemic pathway represents an indirect route for nose-to-brain delivery and involves the direct absorption of the drug (or drug-loaded formulation) from the highly vascular nasal respiratory epithelium and the lymphatic system, and its subsequent transport into the systemic circulation [5, 23] . Prior to its systemic absorption, the drug should enter the nasal cavity and resist the enzyme-and mucociliary clearancemediated elimination processes [5] , while accordingly it has to cross the BBB in order to reach the brain parenchyma [29, 41] . It should be noted however, that the systemic pathway mainly accounts for the transcellular delivery of low molecular weight lipophilic substances that can be more readily absorbed into the bloodstream, exhibiting a profile resembling that of an intravenous injection [10] , and subsequently cross the BBB to enter the brain parenchyma [23] . Depending on their molecular weight, the observed bioavailabilities for more hydrophilic molecules, which follow the aqueous paracellular route, range between < 1-10%, where higher bioavailabilities correlate with lower molecular weights [26] . Other factors that may also facilitate the permeation of the drug across the BBB are the net positive charge or certain molecular structures and shapes [42, 43] .
Apart from the BBB and its related drawbacks (e.g., short circulatory half-lives of drugs, drug binding to plasma proteins thus retarding uptake, unfavorable pharmacokinetics, major differences in the integrity of the blood-brain barrier among subjects and disease states, as well as certain molecular and physicochemical characteristics that render the drugs incapable of crossing the BBB [5, 42] ), the systemic pathway is also associated with hepatic-and renal-induced drug metabolism, increased systemic exposure and lack of specificity for brain tissues which potentially results in accumulation in other tissues and toxic side effects [29] .
A cumulative amount of evidence also suggests that the transfer of drugs from venous to carotid arterial blood supply and subsequently to the brain via a local counter-current mechanism poses another subset of the systemic pathway [29, 44] . It should be noted, however, that this pathway remains the least explored and relevant studies have been carried out solely in animal models (e.g., rabbits [45] , rats [46, 47] , swine [48] and sheep [44] , and not in humans.
Gaining access to the systemic circulation does not necessarily correspond to the successive direction of the drug towards the BBB, regardless of its ability to cross it. Drug transfer from blood to the brain can alternatively occur across the choroid plexus, where the drug will initially enter the cerebrospinal fluid (CSF) at a rate inversely related to its molecular weight, and may subsequently diffuse into the brain tissue, although in minor quantities, due to a slow, diffusion-driven permeation process [49, 50] . It is noteworthy that the transport to the CSF from the bloodstream is unidirectional, since the CSF is subsequently drained into the peripheral bloodstream, approximately every 5 h [26] .
The olfactory pathway
As already mentioned, the transport through the olfactory mucosa has been widely explored as a promising approach to efficiently deliver therapeutic entities from the nasal cavity to the CSF or brain tissue for the treatment of CNS diseases, while simultaneously allowing for the more prompt onset of action, reduced systemic exposure and ability to bypass the BBB. Indeed, the absorption of the drugs along the olfactory region accounts primarily for their high exposure in the CNS, CSF and olfactory bulb [16] .
The olfactory pathway can be further subdivided into the neuronal and the epithelial routes [16, 17, 51] , while another classification may occur with respect to the extracellular or intracellular fate of the delivered substances [29, 41] .
Along with the trigeminal nerves, the olfactory neurons play a fundamental role for brain-targeted drug delivery [41] . The neuronal route is characterized by the internalization of drugs or drug-containing formulations into the olfactory sensory neurons by endocytotic or pinocytotic mechanisms and their intracellular axonal transport along the neurons into the olfactory bulb, wherefrom they are further distributed throughout the CNS [17, 23, 52] , since several neural projections exist there that extend to certain brain regions (e.g., the ollfactory tract, the piriform cortex, the hypothalamus, etc.) [29] . Human olfactory axons have a typical diameter of 0.1-0.7 μm [53] , which in turn suggests that only entities within such dimensions will be able to be transferred along this pathway.
The axonal transport of certain elements or substances has been the subject of numerous studies [54] [55] [56] [57] [58] [59] [60] . In particular, Gottofrey and coworkers [57] studied the transport of radiolabeled cadmium ( 109 CD 2+ ) along the olfactory region of northern pikes, suggesting a transport along the olfactory neurons. Accordingly, Thorne and coworkers quantitatively studied the transport mechanism of an intranasally administered wheat germ agglutinin-horseradish peroxidase (WGA-HRP) conjugate, suggesting the protein uptake into the olfactory nerves and its transport along the olfactory sensory neurons into the brain. However, it should be noted that this study was a time-consuming one, and the WGA-HRP administration had a total duration of 48 h, suggesting a presumably slow transport mechanism [58] . In a more recent study by the same group [59] , Thorne and coworkers demonstrated that the delivery of IGF-I to the rat brain can also be effected via axonal transport. Kristensson et al [55] also performed a quantitative study with long-nosed garfish, demonstrating that inhaled proteins can be indeed taken up by sensory cells. In another experimental study, the transport pathways of wheat germ agglutinin conjugated polyethylene glycol-polylactic acid (PEG-PLA) nanoparticles (WGA-NP) have been investigated, showing that the olfactory neuronal pathway is involved in the delivery of the nanoparticles to the brain tissue [61] . A common finding in most of these studies was that the mechanism of axonal transport is rather slow and inefficient, requiring a considerable amount of time for a drug to reach the CNS [10, 16, 29, 62] . However, faster transport rates are also reported in the literature [54, 56, 57, 60] , suggesting that the transport velocities may be significantly affected by other factors, such as the transported substance, the species, the axon diameter, etc [54, 57, 63] .
Delivery of medications to the brain via the olfactory region may also be effected via the olfactory epithelium, as already demonstrated for insulin [64] , nerve growth factor (NGF) [65] , dihydroergotamine [66] , lidocaine [67, 68] , etc. However, only a few articles have shown the transport of nanoparticles (NPs) via the olfactory epithelial pathway [10, 61, 69] . The epithelial pathway appears to be considerably faster compared to the axonal transport, with drugs requiring only several minutes upon intranasal administration to reach the olfactory bulb and other brain regions [10, 29, 70] . The transport across the olfactory mucosa involves both intracellular and extracellular mechanisms. The permeation of the mucus gel layer as well as the underlying epithelia is essentially required, which can be effected either via the transcellular route (by means of receptor-mediated endocytosis or passive diffusion through the membrane of the sustenacular cells and the cells comprising the Bowman's glands) or paracellularly (through the tight junctions between adjacent neural and/or supporting cells) [9, 23, 25] . Several assumptions have been made regarding the exact process that materials enter the perineural spaces, suggesting that extracellular transport occurs either through the leaky, loosely adherent epithelium surrounding the olfactory nerves or by paracellular diffusion to the underlying lamina propria [9, 10, 16] . Other transport mechanisms likely involve extracellular convection (bulk flow) and diffusion within perineuronal channels, perivascular spaces or lymphatic channels being in direct connection with the brain tissue or the cerebrospinal fluid [29, 52] . After reaching the lamina propria, the drugs may further enter the spaces neighboring the olfactory neurons and get access to the CNS [41, 51] .
While the transcellular pathway is mainly relevant for the rigorous transport of more lipophilic entities, the absorption of more hydrophilic drugs is carried out by a slow, passive diffusion-driven process through aqueous, fluid-filled channels and exhibits an inverse relation to the molecular weight of the drug [25] .
The trigeminal nerve pathway
The trigeminal nerve route represents an alternative, less explored pathway to the brain and utilizes the branches of the trigeminal nerves, which innervate both the respiratory and olfactory mucosa, as a conduit for the delivery of drugs (or their formulations) to the brainstem and other connected structures [5, 71, 72] . The trigeminal nerve is the largest cranial nerve and its main function lies in the conveying of chemosensory and thermosensory information to the oral, ocular and nasal mucosae [6, 73, 74] . Although the trigeminal nerve fiber endings are not directly exposed in the nasal cavity, it is assumed that the initial point of entry is likely from branches (e.g., ophthalmic and maxillary) of the trigeminal nerve, which innervate the dorsal nasal mucosa along with the anterior part of the nasal cavity and the lateral walls of the nasal mucosa respectively [23, 29] . Along with the mandibular branch, the three branches of the trigeminal nerve synapse at the trigeminal ganglion and enter the brainstem at the pons level, before subsequently been directed to the rest of the hindbrain and forebrain [5, 6, 23] .
As in the previously discussed case of the olfactory neurons, transport via the trigeminal pathway may occur either intracellularly or extracellularly [9, 70, 75] . Several studies have been published regarding the axonal transport of various agents (e.g., Insulin-like growth factor 1 (IGF-1) [59] , lidocaine [71] , Interferon-β-1b (IFNβ-1b) [76] , WGA-HRP [77] , etc.) through the trigeminal nerves following intranasal administration.
The lymphatic pathway
The submucosal area of the olfactory region (lamina propria) presents many extracellular pathways for drug transport. A drug can be transferred via extracellular pathways (e.g., perineural, perivascular or lymphatic channels) associated with olfactory nerve bundles extending from the lamina propria through the cribriform plate into the olfactory bulb of the brain. Alternatively a drug can be cleared from the lamina propria by absorption into olfactory blood vessels or into olfactory lymphatic vessels which drain into the deep cervical lymph nodes in the neck. Although the exact pathways are still unclear it has been established that there is a connection between the subarachnoid space, nasal mucosa, and deep cervical lymph nodes [9, 78] .
Modulating the affinity to a certain pathway
Although the paracellular pathway is mostly reported to predominate over the others [6] , numerous factors influence the delivery of drugs to the brain and may potentially determine which of the aforementioned pathways may predominate in terms of the extent of drug absorption. It is, however, difficult to distinguish which of the pathways prevails every time and it is possible that all three pathways contribute either independently or in a synergistic manner to the transport of therapeutics.
It is commonly accepted that the affinity of a therapeutic to a certain pathway is notably modulated by either its own, or the formulation properties, such as the size (of the primary particle or the agglometrate [62] ), lipophilicity, molecular weight, concentration, surface charge, etc., which may ultimately dictate the exact pathway that will be followed [26] . However, the exact pathway for each separate substance remains difficult to identify, let alone to predict and more mechanistic studies are therefore required to provide solid evidence on the exact contribution of the aforementioned parameters. Still, it is considered that intracellular and axonal transport routes do not likely predominate, since the short time intervals between the intranasal administration and the detection to the brain are more consistent with the rapid extracellular transport mechanisms [6, 23, 29, 70] . In addition, since the systemic route is associated with rather significant problems (e.g., increased systemic exposure, short circulatory half-lives, unfavorable pharmacokinetics, inability of certain drugs/formulations to cross the BBB, etc [5, 42] ), targeting the olfactory epithelium might be pursued.
In conclusion, research efforts should focus on advanced predictive tools and formulation technologies to direct the drug delivery systems to the desired pathway, enhance the delivery rates and enable the efficient and trouble-free intranasal delivery to the brain.
Approaches to enhance drug absorption to the brain via the nasal cavity
As previously discussed, the distinct characteristics of the nasal cavity (e.g., high enzymatic activity, rapid physical clearance mechanisms, poor mucosal permeability, drug deposition-related problems due to the structural complexity of the nasal cavity, etc.) all restrict the efficient delivery of pharmaceutics to the brain in therapeutic relevant quantities. Both conventional and non-conventional approaches have been pursued so far to ease the transport of therapeutic molecules to the brain via the nasal cavity, including the introduction of chemical modifications to the drug molecules, utilization of auxiliary agents either as formulation components or as co-administration agents, as well as formulation development approaches (i.e., micro-or nanoparticulate systems), which can act as CNS-targeting delivery platforms, providing a stability-enhancing effect on the therapeutic agents, while also allowing for increased mucosal permeability. A brief description of the existing strategies to promote the absorption of medications through the nasal cavity is provided below.
Chemical modification of therapeutic agents
An interesting approach to enhance stability, regulate protease susceptibility and improve membrane permeability and absorption of active compounds is to chemically modify their structure, thus altering their properties [35, 79] . Chemical modifications (e.g., use of prodrugs, cyclization, PEGylation, lipidization, amino acid substitutions, etc.) [80, 81] aim to alter (or inherit) certain properties of a therapeutic agent on a case by case basis, in order to optimize its properties for the intended purpose. For example, targeting-specificity may be inherited by means of chemical modifications and surface functionalization [82] , whereas hydrophilicity/hydrophobicity modulation may be effected by means of lipidization [83, 84] , PEGylation [85] [86] [87] [88] , or amino acid substitution [89] .
Enzyme inhibitors
It is well known that the nasal cavity, including the olfactory region, exhibits a markedly high mucosal protease and reductase activity since it plays a host for several drug-metabolizing enzymes (e.g., CYP-450 isomers, oxidative and conjugative enzymes, exo-and endopeptidases, etc.) [35, [90] [91] [92] . As a result, the enzymatic environment leads to the degradation and metabolism of certain drugs (i.e., mainly protein therapeutics) that employ the nasal cavity as the portal of entry into the body, leading to a "pseudo" first-pass effect [35] and suggesting that the penetration barrier is not the sole reason for the limited absorption [93] .
The inclusion of protease-inhibiting agents, either as formulation excipients or as co-administration agents, has been proposed as a viable means to overcome the enzymatic barrier of the nasal cavity [90, [92] [93] [94] [95] [96] [97] , along with other approaches, such as formulation-based techniques (i.e., micro-or nanoparticulate systems), as well as modulation of the surrounding pH, which directly correlates with the regulation of the protease activity [79] . In particular, enzyme inhibitors can potentially enhance the stability of labile therapeutics at the absorption site by inhibiting their enzyme-induced degradation [98] .
Permeation enhancers
Permeation or absorption enhancers have been recommended as one of the most versatile functional formulation excipients that increase and optimize the permeability of therapeutic entities across biological membranes. They are, in general, low molecular weight agents that transiently promote the absorption of therapeutics in pharmacologically active quantities [79, 93, 99] .
Various compounds have been identified to exhibit permeation-enhancing properties (e.g., fatty acids, cyclodextrins, hydrophilic polymers, surfactants and bile salts) [35, 99] and classification may occur into various distinct subclasses, with chelating agents, fatty acids as well as synthetic, semi-synthetic or naturally-derived surfactants being the most commonly utilized [93] .
Permeation enhancers may exert their absorption-promoting effects through discrete mechanisms that aim to either modify the membrane permeability (i.e., transient disruption of the junctional complex structures between adjacent epithelial cells, interaction with the phospholipid membrane, or increase of its viscoelastic properties) or the properties of the medication itself (i.e., by altering its thermodynamic activity) [79, 93, 100] .
For nose-to-brain delivery applications, permeation enhancers should ultimately aim to alter the extent of transport across the nasal membrane by primarily targeting the olfactory epithelium, wherefrom the medication will be further directed towards the olfactory bulb and the CNS [16, 100] . In that case, the regulation of the paracellular porosity by the reversible opening of the tight junctions seems to be the most relevant approach to facilitate the absorption of polar, hydrophilic compounds (e.g., proteins) which are unable to permeate the cellular membrane [7, 79, 100] . The absorption-promoting capacity of various permeation enhancers in the intranasal delivery of certain therapeutics has been demonstrated in various studies [101] [102] [103] , while a comprehensive overview on the absorption enhancers for nasal delivery applications has been published by Davis et al [100] .
Nevertheless, extreme caution is required regarding the utilization of permeation enhancers as auxiliary agents, since critical parameters should be carefully considered and well controlled (i.e., toxicity, interpatient variability, inadvertent transport of other molecules, as well as difficulty in the extrapolation of data from animal studies to humans) [79, 104] .
Vasoconstrictors
Vasoconstrictors have been conventionally employed as nasal decongestants. Their mechanism of action briefly involves the constriction of dilated blood vessels, thus increasing blood pressure, reducing swelling and relieving the nasal congestion symptoms [27] . Utilizing vasoconstrictors as auxiliary agents during formulation development or prior to the drug/formulation administration has been proposed to reduce the amount of drug absorbed into the systemic circulation via the respiratory epithelium, providing this way higher targeting specificity to the CNS through the olfactory pathway, and also diminishing adverse effects related to high systemic exposure [7, 16, 105] . In fact, Dhuria et al provided solid evidence that the incorporation of the short-acting vasoconstrictor phenylephrine into hypocretin-1-or L-Tyr-D-Arg-containing nasal formulations resulted into diminished systemic exposure and enhanced brain targeting specificity [50] . Contradicting studies also exist in the literature [106] , where a solution of the vasoconsticting agent ephedrine increased both the systemic and CNS uptake of the radiolabeled GR138950 model drug compound. However, it was later postulated by Mistry et al that the observed discrepancies between the two studies could be attributed to the longer onset of action of ephedrine, compared to the faster-acting phenylephrine [6] .
Efflux transporters
Efflux transporters have been rarely mentioned concerning drug transport through the nasal mucosa [107, 108] . However, it has been lately shown that the co-administration of rifampicin (i.e., P-glycoprotein efflux inhibitor) resulted in increased drug uptake in the brain. Still, further studies are necessary to indicate any potential role of the Pglycoproteins present in the olfactory epithelium on the enhancement of drug uptake in the CNS [27] .
Mucoadhesive agents
Mucoadhesive agents (e.g., polymers exhibiting mucoadhesive properties like chitosan, pectin, carbopol, polacrylic acid, etc) have been also applied as nose-to-brain delivery enhancers, being employed either as formulation excipients or as co-administration agents. Their mechanism of action stems from the fact that mucoadhesives interact with mucus and increase drug residence time in the nasal cavity, thus facilitating absorption. However, despite the lack of motile cilia at the olfactory mucosa, mucociliary clearance still occurs due to gravitational forces and the continuous secretion of mucus by the Bowman's glands [7, 16, 30] . Mucoadhesives could also act by facilitating the fluidization of the mucosal membrane, thus increasing its permeability [16] .
Carbopol, polyacrylic acid and carboxymethylcellulose were found to improve the pharmacokinetics of nasally administered apomorphine whereas hyaluronic acid enhanced the brain transport of a therapeutic peptide, while chitosan also gnificantly improved the brain bioavailability of a nerve growth factor. Enhanced targeting of buspirone hydrochloride was also achieved by combining chitosan hydrochloride with hydroxypropyl β-cyclodextrin as mucoadhesive agents. Finally, a thermosensitive gel consisting of chitosan and hydroxypropylmethyl cellulose, that can be formed in situ, improved the brain delivery of a dopamine D2 agonist [105] . However, it should be mentioned at this point that mucoadhesive polymers do not preferentially adhere to the olfactory epithelium and thus, a combination of mucoadhesives with an appropriate targeting ligand would be more efficient to achieve Noseto-Brain delivery of pharmaceutics [16] .
Nasal delivery devices
Significant progress has been observed in the development of efficient nasal delivery devices appropriate for Nose-to-Brain delivery of therapeutic agents [28, 109, 110] . Such delivery devices employ versatile technologies to direct the flow and optimize the deposition of the drug (either in powder, particulate or aerosol form) to the upper part of the nasal cavity. The nasal devices include, but are not limited to, powder inhalers, nebulizers, sprays atomizers etc. Kurve Technology©, for example, has developed a Controlled Particle Dispersion® Technology which, among other applicatins, is suitable for direct Nose-toBrain delivery. Nasal delivery devices, like the ViaNase electronic atomizers, incorporating this technology have been shown to achieve Nose-to-Brain transport via the olfactory region in clinical trials. More specifically, statistical improvement was observed in AD patients in a Nose-to-Brain clinical trial [111] . Mystic Pharmaceuticals© acquired a US patent (US Patent 9,248,076 B2) [112] for its Dose Dispensing Containers which permit the company to efficiently contribute to the non-invasive Nose-to-Brain delivery of small molecule drugs and biomolecules for the treatment of neurodegenerative disorders [113] . Impel NeuroPharma©'s POD™ nasal drug delivery platform (US9550036 B2) [114] has been designed/developed to administer therapeutics to the upper part of the nasal cavity and to achieve a deposition of a larger fraction of pharmaceutics at the olfactory epihtelium compared with sprays, droppers, or pumps that usually deposit < 5% of the administered drug, thus ensuring a substantial level of drug delivery to the brain. A proof of concept study in humans has been successfully completed [20] . SipNose©'s nasal drug delivery devices utilize a novel mechanism ensuring accurate dose delivery, improved aerosol deposition at the olfactory epithelium, which in turn provides enhanced efficiency [115] . OptiNose© has performed a Phase I clinical trial to assess potential "nose-to-brain" oxytocin transport using its OptiNose Bi-Directional™ Breath Powered delivery platform. The OptiNose nasal delivery device which uses the natural function of the patient's breath to propel a pharmaceutic into the deep areas of the nasal cavity, permitted an efficient Nose-to-Brain oxytocin transport, while administering relatively low doses [116] .
Drug delivery systems
Over the last decades, drug delivery systems have been established as a versatile platform for targeted drug delivery applications, as their unique features have been thoroughly investigated. Likewise to other administration pathways (e.g., oral, transdermal, etc.), formulation development approaches for nose-to-brain delivery applications have also attracted considerable interest and have so far demonstrated immense potential in providing protective and absorption-promoting effects to the encapsulated entities [6, 7] .
Various formulations have been utilized so far for CNS-targeted intranasal delivery applications, among which, micro-or nanoparticulate systems, micelles, solid lipid nanoparticles (SLNs), liposomes and emulsions have been the most extensively studied [7, 117, 118] . It has been shown that N2B drug transport aided by drug delivery systems can be achieved via various mechanisms (Table 2) .
Nanocarrier mediated Nose-to-Brain delivery
The utilization of nanocarrier based formulations enhancing nasal absorption of pharmaceutics can be indicated as a promising approach for the enhancement of the efficacy of Nose-to-Brain delivery. This justifies the filing of patents on the development of appropriate formulations for N2B drug delivery (e.g., US7,989,502B2 [143] on intranasal delivery of modafinil, US9,375,400B2 [144] on manganese ion coated nanoparticles for delivery of compositions into the central nervous system by nasal insufflation). Both polymer and lipid-based formulations could facilitate drug transport through nasal mucosa while protecting their payload from enzymatic degradation and ensuring increased retention time at the mucosal surface, which can result to increased drug concentration at the site of interest [35, 145] . Furthermore, the design of the nanocarriers can be tuned, regarding the selection of appropriate excipients, physicochemical properties (particle size distribution, zeta potential), biocompatibility/biodegradability, drug loading, spatial and temporal controlled drug release, etc [146] . Former review articles on Nose-to-Brain delivery of pharmaceutics, providing an excellent reference for previous work, have been published by Warnken [7, 9, 16, 25, 29, 41, 147] . Table 3 reviews recent preclinical developments of various nanoparticulate drug delivery systems for Nose-to-Brain delivery.
Polymeric carriers
Nanoparticles based on both naturally derived polymers like chitosan and alginate, as well as synthetic polymers like polyesters (e.g., poly(lactide-co-glycolide), poly(lactic acid)) have been recently tested regarding their performance as Nose-to-Brain delivery systems ( Table 3 ). The potential to select from a plethora of polymeric excipients and synthesis methods assists the fine-tuning of the formed nanocarriers with respect to morphological/molecular properties, drug encapsulation efficiency, drug release mechanism, targeting ability, bioresponsiveness, etc [174] .
The FDA approved biocompatible and biodegradable polymers poly (lactide-co-glycolide) (PLGA) and poly(lactic acid) (PLA) with their documented ability to achieve controlled drug release (e.g., sustained release up to several weeks or months), are the main synthetic polymers investigated for drug encapsulation [175] . PLGA and PLA NPs are generally synthesized via a double emulsion process where the polyester is dissolved in an appropriate solvent and the aqueous solution of the drug is emulsified with the aid of a sonicator into the PLGA solution followed by emulsification of the formed w/o emulsion in an aqueous solution of polyvinyl alcohol (PVA). Alternatively, PLGA NPs can be prepared by an o/w emulsification and nanoprecipitation process [175] . The incorporation of tarenflurbil (TFB) in PLGA NPs enhanced its delivery to the brain and resulted in increased absolute bioavailability of TFB following its intranasal administration to SD rats compared with intranasal administration of TFB solution and oral administration of TFB suspension [119] . Furthermore, the nasal delivery of lectin decorated, basic fibroblast growth factor (125I-bFGF) loaded pegylated PLGA (PLGA-PEG) nanoparticles to rats led to significantly increased presence of 125I-bFGF in the olfactory bulb (OB), cerebrum (CR), and cerebellum (CL) in comparison with intravenous delivery of the growth factor solution (Fig. 3) . Increased concentration was also observed compared with nasal administration of 125I-bFGF solution and to a lesser extent compared with nasal delivery of unmodified 125I-bFGF loaded PLGA-PEG NPs [150] . Chitosan (CS) is a biocompatible, mucoadhesive cationic polysaccharide that comprises N-acetylglucosamine and D-glucosamine and is characterized by the unique [120] • Transmucosal transport via the olfactory and trigeminal nerves pathways CS e -NPs b [121] • Clathrin dependent endocytosis (potential principal mechanism) CS e -NPs b [122] • [124] • Paracellular transport
Thiolated CS e NPs b [125] • Paracellular transport, inhibition of CYP450 i enzyme
Mannitol-lecithin, CS e MPs j [126] • Paracellular transport, insignificant axonal transport DCH k , MCD l MPs j [127] • MCD l MPs j : Potentially, transport across the neuronal component of the olfactory mucosa alginate NPs b [128] • Mainly extracellular transport PEG c -PCL m NPs b [129] • Caveolae/clathrin-mediated endocytosis poly(MMA-b-DMAEMA) n -functionalized PCL m NCs o [130] • Mucoadhesion TSP p MPs j [131] • [134] • Possible transcellular transport (sustentacular or neuronal cells)
Micelles comprising PEG-PCL s [135] • Transport via the olfactory and trigeminal nerve SLNs t [119] • [137] • Transport through the olfactory and trigeminal nerve pathways Nanocubic vesicles [138] • Transcellular transport Nanoemulsion, CS e -nanoemulsion [139] • Mucoadhesion Submicron emulsion [140] • Increased ZT w permeation through nasal mucosa Carbopol 934P-microemulsion [141] • Increased tacrine transport through the nasal mucosa • Very small CS e -NPs b can be transported through the axons and OB x to the olfactory cortex and to caudal pole of cerebral hemisphere and CL y Nanoemulsion, CS e -nanoemulsion, nanoemulsion in a thermosensitive in situ forming gel [14] • Drug transport via the maxillary nerve to the trigeminal nerve and olfactory nerve to the olfactory bulb and lastly to the brain a Poly(lactic-co-glycolic acid Mesoporous silica nanoparticles.
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ability to facilitate the paracellular transport of biopharmaceuticals due to the transient opening of the tight junction structures [176, 177] .
(Thiolated) CS derivatives exhibiting increased mucoadhesion and/or enhanced permeation have been also synthesized [178] . Instant formation of CS particles can be achieved by ionic gelation with various polyanions (e.g., tripolyphosphate) [179] [180] [181] . The ionic complexation of galantamine hydrobromide (GH) with CS resulted in effective delivery of the neurotherapeutic drug to different sections of the brain following the instillation of the GH loaded CS NPs to the nostrils of rats [121] . Similarly, enhanced concentration of rivastigmine (RHT) was observed in the brain tissue, following its intranasal administration in the form of CS NPs formulation, in comparison with both intranasal and intravenous administration of RHT solution (Fig. 4) [154] . Additionally, thiolated CS NPs exhibited increased mucoadhesion and facilitated the direct nose-to-brain transport of the muscle relaxants cyclobenzaprine HCl (CBZ) and tizanidine HCl (TZ) while simultaneously minimizing cytotoxicity [124, 125] . Poly (ε-caprolactone) (PCL) is an FDA approved, biodegradable, synthetic polyester. Drug-containing PCL particles are typically prepared by methods like solvent evaporation, solvent displacement, emulsion-solvent diffusion, etc [182] . Lactoferrin (Lf) modified PCL-PEG NPs enabled the effective biodistribution of coumarin-6 in various brain regions (e.g., OB, olfactory tract, hippocampus, CL and CB with hippocampus removed) of mice after the nasal administration of functionalized particle dispersions in comparison with non-functionalized NPs [129] . Haque and coworkers developed alginate NPs containing venlafaxine (VLF) which, following their intranasal administration to rats, exhibited improved brain/blood ratios for the administered drug in comparison with intranasal and intravenus administration of drug solutions [128] . Polymer micelles comprise another type of promising nanocarriers consisting of self-assembled amphiphilic block copolymers in an aqueous phase. They are characterized by small diameters (10-100 nm), flexibility regarding the control of their size and morphology via variation of the copolymer composition, block length ratios and molecular weight, as well as by the ability to incorporate hydrophobic drugs in their core and thus to protect them . Each sample was observed using Maestro TM [135] .
from hydrolysis and enzymatic degradation, and their in vivo stability [183] . Kanazawa and coworkers, efficiently enhanced the nose-to-brain delivery of small interfering RNA (siRNA) via the development of polyethylene glycol-polycaprolactone (PEG-PCL) micelles containing dextran as a model siRNA and functionalized with a cell penetrating peptide derived from HIV-Tat. The functionalized nanocarriers exhibited enhanced mucosa permeability and enabled siRNA transport to the brain (Fig. 5) through the olfactory and trigeminal nerve pathways [135] .
Lipid carriers
Solid lipid nanoparticles (SLNs), combining the advantages of liposomes and polymer NPs, consist of a biocompatible core of solid lipids, like triglycerides, enclosing the dissolved active pharmaceutical ingredient (mainly hydrophobic drugs and to a less extent hydrophilic macromolecules) and being stabilized by various surfactants [184] [185] [186] [187] . It should be noted that the encapsulation of highly hydrophilic biomolecules into SLNs is relatively limited [186] resulting in the development of various methods potentially improving drug loading (e.g., high-pressure homogenization, solvent diffusion, double emulsion, etc) [188, 189] . Rassu and coworkers effectively developed (CScoated) SLNs for the Nose-to-Brain delivery of BACE1 (i.e., β-secretase 1) siRNA complexed with the glycoprotein derived peptide RVG-9R as a permeation enhancer to promote transport via the intracellular nerve pathway by receptor-mediated endocytosis. In vitro studies with epithelial cells monolayers confirmed the enhanced permeation of siRNA especially in the case of CS coated SLNs [136] . Nanostructured lipid carriers (NLCs) are colloidal structures comprising a lipid core composed of mixed solid and liquid lipids, responsible for the distinctive structures of the lipid matrix. NLCs can be considered advantageous to SLNs with respect to drug payload, storage stability, etc [184, 190, 191] . NLCs are typically prepared by the double emulsion (w/o/w) and the hot high-pressure homogenization methods [188] . NLCs with a CS coating exhibited increased residence time at the nasal epithelium and could be detected at various regions of the brain (e.g., CR, CL and hippocampus) after being intranasally administered at a single dose to mice without at the same time raising toxicity issues to the nasal mucosa [137] . Liposomes are concentric bilayered vesicles consisting of an aqueous core encompassed by numerous, few or just one phospholipid bilayers. They are typically prepared by the lipid film hydration-extrusion method and their morphology permits the incorporation of either hydrophilic or hydrophobic drugs in their inner aqueous phase or their lipid bilayer respectively. Moreover, being mainly based on naturally derived biodegradable excipients, liposomes can be considered innocuous [188, 192] . Their efficiency as drug delivery systems has been proven by several marketed formulations as well as by promising clinical trial results [192] . Hoekman and coworkers developed fentanyl loaded liposomes functionalized with the integrin binding tripeptide Arg-Gly-Asp (RGD) targeting the nasal epithelium. When administered intranasally to rats with the aid of a pressurized olfactory drug delivery device (POD) which preferentially deposits the aerosol to the olfactory region of the nasal cavity, a long lasting analgesic effect was observed in compared to the administration of aerosolized drug, potentially attributed to a less rapid, sustained fentanyl release from the liposomal formulation (Fig. 6) [163] .
In another study, hybrid NPs composed of a cationic lipid and PLGA-PEG were developed as nanocarriers for the intranasal and intravenous delivery of farnesylthiosalicylic acid (FTA) to glioblastoma. Biodistribution studies revealed the presence of the formulation in the brain following both i.n. and i.v. administration. However, a higher accumulation of NPs could be detected in the olfactory bulb post intranasal administration indicating direct Nose-to-Brain delivery via the olfactory pathway (Fig. 7) [171].
Emulsions
Emulsions (e.g., nanoemulsions, microemulsions) are considered an attractive type of nanocarriers due to their multiple advantageous characteristics, like increased biocompatibility as a consequence of their lipid constituents, resistance to enzymatic degradation, enhanced permeation through the epithelial mucosa, controlled release of APIs etc., and therefore are increasingly exploited by the pharma industry [184, [193] [194] [195] . Nanoemulsions constitute isotropic nanodroplet dispersions of 20-500 nm [184, 193, 194, 196] , typically consisting of oil, surfactant and potentially a co-surfactant [196] , which require increased energy input to form and are thermodynamically unstable. In contrast, microemulsions are thermodynamically stable, self-assembled systems comprising droplets (1-100 nm), spontaneously formed upon mixing an oil and aqueous phases and stabilized by appropriate surfactants [184, 193, 194, 196] . Nanoemulsions can be optimized by associating a mucoadhesive excipient to prolong their residence time at the epithelium [197] . The intranasal administration of a saquinavir mesylate (SQVM) loaded nanoemulsion via a meter dose pump to rats resulted in enhanced SQVM concentration in the brain compared with the intravenous delivery of the drug suspension, thus entitling this formulation as promising for the delivery of anti-HIV medications to the CNS for the treatment of neuro-AIDS [166] . A CS coated, olanzapine (OLA) loaded nanoemulsion was also found to increase direct nose-tobrain transport of its cargo [167] . Sharma and coworkers developed a (CS coated) stable microemulsion for the efficient delivery of cabergoline (Cab), a potential medication for some neurological disorders, to the brain. The intranasal administration of the microemulsion with the mucoadhesive CS coating to rats led to direct Nose-to-Brain Cab transport and enhanced brain/blood uptake ratios, compared with the intranasal delivery of the Cab loaded microemulsion and the Cab solution as well as the intravenous administration of the drug-containing microemulsion [168] . Similar observations were presented by Florence and coworkers, who rapidly and effectively delivered clobazam (i.e., treating complex partial or acute seizures due to status epilepticus) to the brain via the intranasal administration route, in the form of a mucoadhesive (i.e., carbopol 940P coated) microemulsion [169] . In addition, Bshara, developed a mucoadhesive microemulsion, using chitosan aspartate, and hydroxypropyl-β-cyclodextrin, for the effective Nose-to-Brain delivery of buspirone hydrochloride (Fig. 8) . Enhanced BH concentration levels in the brain and bioavailability were thus achieved [170] .
Nanocarriers in thermoreversible gels
Thermoreversible gels have been already applied as formulations for the topical delivey of drugs (e.g., ocular, nasal administration). A widely used hydrophilic triblock copolymer, exhibiting temperature dependent phase transitions (e.g., from sol to gel and reverse) is poly (ethylene oxide-b-propylene oxide-b-ethylene oxide) known as Poloxamer 407 or Pluronic F127 (PF127) [142, 198] . CS NPs containing levodopa (i.e., medication for Parkinson's disease) were intranasally administered to rats either incorporated in a PF127 based thermoreversible gel or in the form of a suspension. It was shown that even though the use of the hydrogel could prolong the residence of the formulation at the mucosa it could not facilitate the migration of the NPs towards the epithelium. Thus, the highest levodopa concentration in the brain was observed post intranasal administratin of the suspension of CS NPs followed by the application of a levodopa-loaded thermoreversible gel [142] . Additionally, Ahmad and coworkers assessed the efficiency of applying to the nose a thermosensitive gel (i.e., poloxamers 407 and 188) impregnated with a nanoemulsion, for Nose-toBrain delivery, in comparison with the direct administration of the nanoemulsion and a mucoadhesive nanoemulsion (i.e., CS coated nanoemulsion). The study revealed that a small number of droplets can be delivered intact to the brain in contrast to their cargo (i.e., fluorescent dye) and it is the nanoemulsion droplet diameter that mainly contributes to the nanoemulsion fate post intranasal administration in comparison with the mucoadhesive coating or the gel impregnation [14] .
Nanocarrier characteristics affecting Nose-to-Brain delivery
Little information is available about factors such as surface characteristics and size that may affect NPs transport from the nasal cavity 
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to the CNS. Due to the size of the tight junctions in the nasal cavity being in the order of 3.9-8.4 Å, and the suggestion that absorption enhancers can open the tight junctions only 10-15 times, it is likely that only NPs with a diameter less than 20 nm could achieve extracellular transport from the nasal cavity to the brain. Similarly, it is to be expected that only NPs with a diameter smaller than that of the olfactory axons (e.g., 100-200 nm in two month old rabbits and 100-700 nm in humans) can be intracellularly transported to the brain via the olfactory neural pathway [17] . In this respect, a study carried out with PS NPs and PS NPs modified either with chitosan (positive zeta potential) or polysorbate (negative zeta potential) with sizes in the range of 100-276 nm, indicated that the positively charged NPs were trapped in the mucus gel layer whereas a few of the negatively charged NPs could be detected in the olfactory epithelial cell layer but they were not uptaken into the olfactory axons. Furthermore, none of the NPs could be found in the olfactory bulb [17] . In another study by Ahmad and coworkers that focused on the tracking of nanoemulsion droplets and their cargo through the nose-to-brain pathway, it was demonstrated that the nanodroplets could be transported via the trigeminal and olfactory pathways to the olfactory bulb and finally to the brain, but in very small quantities. This phenomenon was pronounced for nanodroplets with diameters ≤100 nm that were less affected by mucociliary clearance. On the other hand, high amounts of their cargo were transported to the brain via the same pathways [13] . In general, cellular internalization of NPs is suggested to be dependent on concentration, particle size, surface charge and other surface characteristics such as lipophilicity [17] . The ubiquitous importance of the particle size can also be further ascertained by its direct correlation with the deposition patterns of particulate systems, as gravitational and sendimentation forces become determinants for particle sizes > 200 nm [62] . It should be mentioned at this point that although the particle size plays the most prominent role in the Nose-to-Brain transport of nanocarriers, other formulation parameters, such as the composition, type (polymer or lipid-based systems, particulates embedded in an in situ forming hydrogel, etc.) and surface characteristics, are all desicive in the determination of the fate of the formulation upon intranasal administration [62] .
The values of the DTP% index and the physichochemical properties of the particulate systems as reported on Table 3 are plotted down in Fig. 9 . Despite what was already mentioned previously regarding the effect of particle size, Fig. 9a fails to provide a direct correlation between the particle size and the DTP%. However, a more robust correlation between the surface charge and the DTP% could become evident in Fig. 9b . In particular, it can be observed that as the zeta potential approaches zero, higher DTP% values can be achieved.
Regarding the effect of the nanocarrier type (i.e., polymer NPs, liposomes, nanoemulsions, etc), on the Nose-to-Brain drug transport, this study showed that PLGA NPs (90-130 nm) [119, 148] enhanced pharmaceutics concentration in the brain compared with intranasal delivery of drug solution, whereas the association of a targeting ligand to pegylated PLGA NPs (115-138 nm) [149] [150] [151] led to increased targeting of OB, CR and CC thus increasing drug delivery to the brain. Similarly, targeted PLA NPs [152, 153] or PLA NPs bearing a permeation enhancer (89-168 nm) [120] increased the area under the curve (AUC) of drug in various brain tissues. CS NPs (150-382 nm) [121, 122, [154] [155] [156] [157] were found to exhibit increased drug loading (e.g., up to 58.2 wt% [154] ) and to exhibit increased nose-to-brain drug transport, possibly due to NPs mucoadhesion and drug transport through opening of tight junctions (paracellular transport). However, CS NPs of very small size could be also transported to various brain tissues via the axons. Chitosan thiolation was found to increase brain uptake again via paracellular transport [124, 125] . It should be mentioned that a direct transport percentage (%DTP) up to ∼ 99% was observed for tizanidine HCl (TZ) when administered intranasally with the aid of thiolated CS NPs [125] . Micelles were shown to facilitate transport through the olfactory and trigeminal nerves and thus siRNA delivery to the brain [135] . With respect to lipid-based nanocarriers, targeted liposomes (96.5 nm) effectively achieved drug transport to the brain [163] , and SLNs (170 nm) permitted transcellular transport via the olfactory axons of SpragueDawley (SD) rats (∼200 nm) and achieved drug delivery to the brain [119] . Furthermore, CS coated SLNs enabled siRNA transport through the trigeminal and olfactory nerves [136] , whereas CS coated nanostructured lipid carriers (NLCs) of 114 nm could be detected in the brain (cerebrum (CR), cerebellum (CL) and hippocampus) following intranasal administration and transport through the trigeminal and olfactory nerve pathways [137] . In the case of nanoemulsions, enhanced brain/blood uptake ratios were observed also for mucoadhesive nanoemulsions (i.e., nanoemulsions associated with chitosan) achieving high %DTP (e.g., up to 96.6%) [166] . Similarly, rapid and efficient direct uptake of drugs in the brain could be succeeded using carbopol modified microemulsions [141, 169] , whereas a CS-modified microemulsion was shown to diffuse through the nasal mucosa and be uptaken in the brain [168] . Finally, the incorporation of nanocarriers in thermoreversible hydrogels allowed a longer residence of the formulation at the mucosa but at the same time impeded NPs migration to the epithelium [142] . Fig. 9 . Correlation between a) particle size and DTP% index and b) zeta potential and DTP% index.
In vitro and ex vivo models
In vitro (e.g., RPMI 2650 cells [199] , olfactory mucosa primary cells [200] ) and ex vivo (e.g., excised olfactory mucosa [6, 132] ) models have been used to study drug and/or nano-and microparticle permeability through the olfactory mucosa. With respect to in vitro models, Goncalves and coworkers examined the transport of a drug (i.e., ketoprofen) solution and drug loaded SLNs, NLCs and aerogel MPs through a multilayer of RPMI 2650 cells cultured in air-liquid interface. The cell multilayer exhibited comparable properties to excised nasal mucosa, regarding mucus production and transepithelial electrical resistance (TEER) values for sodium fluorescein. It was shown that, even though lacking ciliated cells and thus the possibility to simulate mucocilliary clearance, the in vitro model used was adequate for screening drug delivery formulations regarding their permeation through the nasal mucosa [199] . Additionally, Gartziandia and coworkers extracted primary cells from the olfactory mucosa of Wistar rats and developed an in vitro model based on an olfactory cell monolayer to examine the permeability of PLGA NPs and NLCs across this monolayer, thus simulating their permeability through the olfactory mucosa [200] . Regarding ex vivo models, the transport of polystyrene (PS) NPs of various sizes, and surface modified PS NPs, via the olfactory mucosa was assessed using a vertical Franz diffusion chamber where a freshly excised porcine olfactory epithelium was mounted. It was revealed that the NPs were associated with the olfactory mucus/epithelium but were not transported across the tissue [6, 132] .
Computational approaches
The computational investigation of drug delivery to the brain via the olfactory region has centered mainly on simulations of airflow during inhalation focusing on the motion of particles, gases, and droplets and their deposition onto the olfactory mucosa. Other aspects of the problem such as the interaction of deposited entities with the mucus layer, drug release, transfer through the mucus layer and the underlying epithelial layers have hardly been examined at all. There is an urgent need for computational models to describe these, to obtain a better understanding of the processes but also to assist in the design, execution, and analysis of existing and future experimental studies.
Delivery to the olfactory mucosa
The delivery of carrier particles and drugs to the olfactory mucosa through the nasal cavity is typically achieved by the use of inhaler devices either self-actuated (e.g., dry powder inhalers, DPIs) or assisted devices (e.g., metered dose inhalers, mDIs) and can be either in solid (e.g., DPIs) or in liquid (e.g., nasal sprays) form [201] [202] [203] .
Predominantly, Computational Fluid Dynamics, CFD, has been used to determine the airflow in the nasal cavity and the transfer of molecules or particles to the olfactory region and deposition therein employing either approximate or realistic representations of the nasal geometry [204] [205] [206] [207] .
Computationally, the delivery of particles to the olfactory region is a challenging problem due to the highly curved nature of the nasal meatus folds within the nasal cavity, the dynamic nature of airflow, and the transitional nature, between laminar and turbulent, of airflow. Early computational grids for CFD simulations consisted of 1 m cells or less but accurate results require up to 10 m cells to properly describe the highly curved nature of the nasal cavity as well to resolve in detail the motion of particles near the nasal cavity surfaces [204] . The crosssectional average Reynold numbers for flow through the nasal cavity vary with position and indicate laminar flow. However, due to the complex geometry, flow detachment can occur as well as formation and persistence of large eddies. Although, the transient effects indicated by the Womersley number seem borderline small, i.e., less than 1, they are magnified by the complex geometry of the nasal cavity. The airflow switches magnitude and direction every few seconds during an inhalation/exhalation cycle leading to an additional contribution to large eddy structures [204] . It should be noted that simulations in the olfactory cleft region indicate a recirculation flow, which can increase the residence time of particles and persists until the exhalation cycle, thus complicating flow simulations even more [208] . As a result, CFD simulations of nasal cavity airflow have been mostly conducted with either the k-ω SST RANS approach or Large Eddy Simulations, LES, which are very computationally expensive [204, 205, 209] .
Particle or droplet transport can be modelled by including inertial forces, gravity, and diffusional motion [210] . A typical approach is to perform CFD simulations for a pure fluid (i.e., air) and then particles are "injected" into the air flow field and their trajectories are determined by solution of Newtons laws and taking into consideration the flow field determined by CFD. For the RANS approaches (e.g., k-ω, k-ε) airflow near the solid surfaces needs to be adequately resolved in order to obtain accurate near-wall particle trajectories which are necessary to determine collisions. The assumption of isotropic turbulence near the wall boundaries can also lead to errors and over-prediction of collision frequencies. Corrections can be introduced to properly determine the inertial terms, or more accurately, the transfer equations can be reformulated to include the local curvature of the wall boundary [211] . Particle motion due to turbulent dispersion is generally small for physiological flows and can be ignored as a first approximation but this does lead to small but systematic under-prediction of deposition rates.
Additional complications have to do with the dynamic nature of flow. Numerically, the flow field and particle motion have to be solved simultaneously leading to a significant increase in computational time [21] . Flow reversal also does not occur homogeneously and smoothly throughout the nasal cavity leading to more complicated flows in the olfactory cleft [204] .
LES have been shown to generate improved results for particle deposition mostly due to the improved description of non-isotropy and turbulent dispersion. In steady flow simulations with LES, particle tracking can be performed based on an averaged LES flow field but the simulations still require significant computational [209] .
To date computational simulations have revealed small deposition near the olfactory region varying with flow rate and particle size [206, 207] . The largest percentage of deposition is observed with fine particles as larger particles are lost due to inertial impaction or by following the main airflow paths through the lower meatus air passages in the nasal cavity. For fine particles the deposition increases with decreasing particle size due to diffusional motion of the particles [206, 207] .
Carrier/mucosa interaction models
The carriers (i.e., liquid droplets or solid particles) interact in different ways with the olfactory mucus layer. Liquid droplets will spread to some degree while solid particles collide and generally adhere to the mucus layer. In the case of liquid droplets a drug transfer model is needed to describe the diffusion of drug to the mucus interface region, partitioning between liquid and mucus phases, and transfer to the mucus layer. Liquid droplets can spread, coalesce, or even detach from the mucus layer and mass transfer with the mucus layer can also occur. Therefore, liquid droplet spreading and stability models are needed.
Solid carrier particles can either transfer into the mucus layer or remain on the mucosa surface embedded in the mucus layer to some degree. Soft particles may deform and spread over the mucus layer. Mass transfer and drug release also occur after deposition. Several models are necessary to describe these interactions with the mucus layer. Mucoadhesion models are needed to describe attachment stability in terms of, electrostatic interactions, dispersion forces, hydrophobic interactions, chain interpenetration, etc. [212] . For soft solids spreading models are needed that account for the interfacial forces as well as the viscous, or viscoelastic, forces. Detailed particle models are also required as particles can swell and erode either in a bulk or surface mode. In the case of hydrolysis degradation mechanisms surface erosion occurs in the limit of fast degradation kinetics and slow water uptake while bulk erosion occurs with slow degradation kinetics and fast water uptake [213, 214] . However real systems are much more complicated and morphological changes can occur within the particle during erosion, influencing dramatically the rate of drug release.
The diffusion coefficient of the drug through the carrier particle can change with time and position due to swelling, degradation, and morphology changes. Different mass transfer pathways may become available including surface and bulk transfer through the pores [215] . Multipath diffusion models can be developed but these must take into account the varying morphology of the particles. Effective diffusion models can also be used but these need to determine the effective diffusion rate coefficient experimentally as a function of time and drug concentration.
The most important property of the carrier particles is the rate of drug release. Computational modelling of drug release from particles has been studied extensively for different environments, particles, and drugs. The rate of drug release needs to be quantified under different environments, which can differ significantly in terms of temperature, humidity, water content, hydrophobicity, ionic strength and can vary with time. Although there have not been many publications for drug release models in the olfactory region, there is a large body of work for pulmonary and intestinal mucosal environment [216] .
Another important aspect of the drug release models is the initial drug profile in the carrier particle. The carrier drug might be distributed uniformly in the particle or may have a radial gradient or may have a significant proportion residing the carrier particle surface. The drug profile affects the release rate significantly. Surface-loaded drug molecules are released rapidly and this is observed as a "burst effect" in the literature [217] . The release rate from an inert carrier particle with an initial uniform profile decays exponentially due to the decrease in the particle drug load. Non-uniform drug profiles can result in different drug release rates.
Drug release models are always coupled to models describing the environment, e.g., mucus layer, and can also be strongly coupled to particle degradation or swelling models. The initial drug loading profile in the carrier particles, the particle model, and environment model (e.g., mucus layer) determine in a coupled manner the dynamic drug release rate.
Mucus layer penetration
Penetration through the mucus layer is achieved either by diffusion through the mucin fiber network or by surface diffusion via the paraneuronal pathway [9] . The transfer by diffusion of a drug or a drugcarrier entity, e.g., particle, liposome, through mucus layers is a very challenging problem that has only recently begun to be addressed by computational simulations [218, 219] .
The mucus layer environment is biologically complex (Section 2) with many entities dispersed within the mucin fibers including enzymes, lipids, macromolecules, macrophages, etc. The mucus layer is non-uniform, not only from a chemical perspective, but structurally as well. The mucin fiber network consists of mostly 100 nm network bridges but is traversed by porous passages that are many hundreds of nanometers in diameter. Drug molecules or particles can interact with the solvent, mucin chains, and other dispersed entities significantly affecting their transfer rate through the mucus layer.
Although computer simulations have been employed to investigate complex biological environments at a wide range of temporal and spatial scales the detail of biological systems that can be represented by computational simulations is necessarily limited by computational costs especially when describing interactions with particles and drug molecules up to time scales of milliseconds. Computational simulations of drug or particle transfer need to be conducted over a time period comparable to the characteristic time for diffusion which is on the order of microseconds for many drug molecules and milliseconds for nanoparticles, and simulations may have to account for drug/particle accumulation and degradation in the mucus layer or at the air mucus layer interface [220, 221] .
The mucus layer, being a complex heterogeneous and nonuniform system, is not easily described by full molecular dynamics, MD, simulations at the atomic level. However, some first attempts using coarse grained molecular dynamics, CGMD, have been recently presented for the mucus layer [222] , as well as other complex biological barriers including the pulmonary surfactant layer [223] , and other "crowded" biological environments, e.g., cytosol [224] .
The CGMD simulations rely on a simplified system representation that describes a number of species but ignores the presence of other species in the mucus layer. The dispersed entities, e.g., drug molecule or nanoparticle as well as the entities of the biological environment, e.g., macromolecules and water molecules are represented in terms of coarse grained beads to simplify calculations. Coarse Graining, CG, is attractive for saving computational costs but presents significant trade-offs resulting in the inadequate description of some interactions and solvent effects. The CGMD approach can describe many processes, e.g., hydrodynamic interactions, electrostatic interactions, hydrophobic effects, volume restriction over time scales ranging from microseconds to milliseconds [224] . In CGMD different solvent simplifications are necessary depending on the interactions being modelled. [225] .
Although Brownian and Stokesian dynamics can describe diffusion processes well they typically ignore intramolecular and conformation dynamics. More sophisticated physics-based CG models (e.g., PRIMO, OPEP, COFFDROP) combined with implicit solvent and/or models for hydrodynamic interactions are better suited for more detailed descriptions [224] . In CGMD approaches the choice of implicit or explicit solvent models and especially the water model is important.
In multiscale models, CG approaches can be combined with atomistic descriptions to provide a greater level of detail but additional challenges emerge, e.g., the appropriate integration of fine and coarse scale descriptions [225, 226] .
CG approaches can be applied to drug and particle transfer to examine the effect of properties (e.g., size, shape, surface properties), for various external flow fields (e.g., shear flow) and biological environments (e.g., mucus layers) on the motion, diffusion, and interaction with biological entities (e.g., macromolecules). Concerning the olfactory mucus layer, Wang and Shi [222] examined the diffusion of various nanoparticles through the mucus layer. They employed a CGMD approach based on regular and random networks of mucin fibers on the order of 50x50x50 nm computational cells and over a simulation time of 5 μs which is indicative of the current computational limitations of this approach. The authors employed bead representations of the fibrin fibers, nanoparticles, and water molecules (e.g., 9,216 polymer beads, 96,984 water beads) with different spring constants. They examined nanoparticles 2.1-4.6 nm in size as well as nanorods and observed indications of anomalous diffusion behavior (i.e., transition from normal to sub-diffusion for the larger particles). The diffusivity ratio with respect to water was found to vary strongly with particle size from 0.2 to 0.0006 for 2.1 to 4.6 nm particles, respectively. The authors also examined the effect of nanoparticle interactions with the mucin fibers by varying the interaction parameter of the Lennard Jones interaction potential and observed a decrease in the diffusivity due to transitional attachment to the mucin fiber network.
It is important to note that any particle traversing a biological barrier will not only interact with biological entities but also absorb them leading to the formation of a biological corona [227] . The biological corona in turn is what interacts with the biological environment and it is of dynamic nature, i.e., the corona thickness and composition changes depending on the biological environment. For example, in Hu et al. [223] the motion of 5 nm nanoparticles (1721 CG beads) through the pulmonary surfactant layer were examined by CGMD considering both hydrophobic and electrostatic interactions for 90 nm polystyrene and hydroxyapatite nanoparticles. The authors found equilibrium position and translocation was most strongly determined by hydrophobic forces. Furthermore, the particles were coated by lipids and absorbed pulmonary surfactant to a degree that could influence the normal function of the surfactant layer [228] . Although electrostatic interactions were not found to be as significant as hydrophobic forces in the predominantly lipid environment of the pulmonary surfactant layer they should be a more significant factor in the more hydrophilic and charged environment of the mucus layer. Moreover, computational models for particles coated with a stabilizer layer need to describe the interaction of stabilizers with mucin chains during the particle transfer through the mucus layer [223] .
In densely populated environments such as the cellular environment [224, 229] there are crowding effects which have been found to have a significant effect on the diffusion properties and even biomolecular structure and activity [230] . Crowding effects are due to entropic excluded-volume effects but also additional factors such as hydrodynamic interactions [231] . Ando and Skolnick examined the crowding effect of macromolecules in the cellular environment with Stokesian Dynamics and found that excluded volume effects were significant resulting in a decrease in the diffusion coefficient by a factor of four in the cellular environment [232] . Solvation effects and compositional heterogeneity in the cytoplasm have also been examined [229] . The nasal mucus layers are approximated 5% solids providing a less crowded environment than in cells which have concentrations ranging from 100 to 450 g/L corresponding to 60-95% water. Also electrostatic forces should play a more important role in the mucus layer compared to the cytosol where the ionic strength is higher. Consequently, computational simulations of diffusion in the mucus layer may need to consider excluded volume effects and hydrodynamic interactions as these effects will be expected to lead to a decrease in the diffusion coefficient. In addition to these, electrostatic and hydrophobic interactions with respect to the mucin network also need to be described.
Epithelial layer transfer and physiologically based pharmacokinetic (PBPK) models
The drug or particle transfer rate through the mucus layer also depends on the transfer rate through the underlying epithelial layer as well as the clearance rate beyond the mucosal layer. There has been a significant body of work concerning transfer of molecules of different types and sizes as well as nanoparticles through epithelial and endothelial cells layers [233] . Computational studies on drug or nanoparticle transfer through epithelial layers are applicable to the olfactory submucosal epithelial cell layer with some key differences. For example transfer via the para-neuronal pathway is unique to the olfactory mucosa and the clearance pathways past the epithelial cell layers are considerably different. Experimental studies do indicate different transfer pathways (e.g., paracellular, transcellular) depending on the size and nature of the drug [9] .
Note that particle transiting the mucus layer will be surrounded by a biological corona that will influence not only the transfer through the mucus layer but also through the epithelial layer [223, 228] . NPs will form a corona removing macromolecules and enzymes from the mucus layer and may change the composition of the mucus layer perhaps even the structure of as many of the mucus fibrin entanglements are reversible.
Also of interest is the possibility of disruption of both the mucus layers and the epithelial layers due to the passage of NPs. Simulations have also indicated temporary disruption of the membrane due to the passage of a NP even with formation of holes [234] .
Finally, NP passage through the epithelial layer can be incomplete, as particles can become trapped in the membrane or in the cytosol or some cellular compartments e.g. lysosome [219] .
Physiologically based pharmacokinetic (PBPK) modeling has developed rapidly within the pharmaceutical industry and is becoming an integral part of drug development [235] . PBPK modelling of drug delivery through to the respiratory system requires a description of drug transfer at the target sites, e.g., alveoli, respiratory mucosa, nasal mucosa [236] . Nasal drug transfer requires a description of carrier deposition, drug release, and absorption/penetration at the target regions of the nasal cavity, e.g., olfactory mucosa, cells. The description of drug inflow to the PBPK models needs to be integrated with other models, e.g., particle flow and deposition, drug release, mucous penetration [236] . This integration is challenging but can improve the accuracy and broaden the predictions of PBPK models. For example, Vulovic et al. (2018) combined CFD with PBPK modeling in order to predict aerolisolization of different dry powder formulations and estimate in vivo deposition and absorption of amiloride hydrochloride in the pulmonary region [237] .
Interface computational models
Although highly advantageous due to its non-invasive nature, rapid onset of action and highly localized delivery resulting in low systemic exposure, the delivery of medications to the brain via the nasal cavity exhibits particular challenges, associated with poor permeability across biological barriers (e.g., nasal and olfactory mucosae) and poor stability attributed to enzymatic activity observed in the nasal cavity. The European H2020 Research and Innovation Project "Nose to Brain Delivery of NG-101 via the Olfactory Region for the Regenerative Treatment of Multiple Sclerosis Using Novel Multifunctional Biomaterials Combined with a Medical Device, N2B-patch" focuses on the development of a novel galenic formulation based on multifunctional biomaterials for the continuous release of biopharmaceutics at the olfactory mucosa. This formulation will consist of biodegradable particles containing a therapeutic biomolecule, incorporated in a biodegradable hydrogel that will be deposited onto the olfactory epithelium with the aid of an endoscopic applicator. The computational models described in 6.1-6.4 are connected at the interface layer separating the hydrogel matrix and the olfactory mucosal surface. Interactions (e.g., mass transfer, adhesion, interpenetration, and transfer) between particles, drug, and hydrogel matrix and the mucus layer need to be described by experimental and computational approaches. Fig. 10 shows the interface computational models that will be developed in the framework of this project to predict the overall performance of the aforementioned N2B formulation. The mathematical models (described in Table 4 ) aim to connect the main drug flux processes from the particles incorporated in the hydrogel to the mucus gel layer and subsequently through the olfactory epithelium to the olfactory bulb.
Conclusions
Different types of nanocarriers (e.g., polymer or lipid-based) were shown to facilitate the Nose-to-Brain delivery of their cargo, for example by adhering to the olfactory epithelium (mucoadhesion and/or targeting) and allowing the paracellular or intracellular transport of the drug, whereas in rare cases direct transport of the nanocarriers (usually of average sizes ≤ 200 nm) could be achieved via the olfactory and trigeminal nerve pathways. According to the above, the nanocarriers should have small size (preferentially below 100 nm) to ensure that they will not be strongly affected by mucocilliary clearance and that they could be transported via the olfactory and trigeminal nerve pathways. At the same time, the nanocarriers should exhibit mucoadhesive properties to increase their residence time at the olfactory mucosa and also exhibit increased drug loading to ensure a lower dosage form. To date no solid evidence has been provided confirming nose-to-brain transport of intact nanocarriers, which on the other hand could be considered beneficial since the accumulation of excipients in the brain might result in undesirable side effects. A systematic investigation of both lipid and polymer-based formulations and their application in nasal delivery could aid towards realistically evaluating their potential for direct nose-to-brain transport and reveal both their strengths and weaknesses.
The total dose delivered to the target region is the key endpoint for effective pharmaceutical action. The total dose depends on the total amount of drug transferred through the olfactory mucosa but it also depends on the transfer and distribution within the brain which is known to be both dynamic and strongly non-uniform. The bio-distribution of drug within the brain and its relation to effective dose will be a key area of research in the immediate future.
Regarding computational modelling, it has focused so far on targeting of the olfactory region during inhalation. Research into drug, particle, and droplet interaction with, as well as transfer through the olfactory mucus layer is still at an early stage but is expected to progress rapidly in the coming decade.
Table 4
Computational models that will predict the overall performance of the developed N2B formulation.
Sub-Models
Characteristic Times
• Modeling of hydrogel i) extrusion from the applicator, ii) mucoadhesion and film formation on the olfactory epithelium, and iii) stability/detachment
• Hydrogel film formation time (t m,form )
• Hydrogel degradation time (t m,deg ) • Mathematical models for biomolecule release rate from the embedded particles and particle degradation, in terms of particle morphological and molecular properties as well as environmental conditions 
